SUMMARY
An analysis of the reaction chemistry and operational factors associated with processing uranium and uranium hydride powders is presented, focusing on a specific operation in the Development Division which was subjected to the Job Hazard Analysis (JHA) process. Primary emphasis is on the thermodynamic factors leading to pyrophoricity in common atmospheres. Operational recommendations for performing the work described are given.
BACKGROUND
A JHA concerning the processing of uranium metal and uranium hydride powders was submitted to the Y-12 Development Division HazMat Analysis Process. To supplement the information provided on the JHA form, discussions with Development personnel provided a more complete description of the intended process, which is summarized here. For the immediate application, the internal Development customer will provide lots of powder to the Development personnel processing the material into solid compacts, which will be returned to the internal customer for further processing. However, this JHA applies to a wider range of operations than the immediate application.
If the supplied powder material is not already totally uniform, it will be blended inside an inert-atmosphere glovebox using a V-blender. The blended material will be removed from the blender and poured either into an intermediate storage container or directly into a pressing die.
From here there are two parallel processes that can be used. One is a cold-pressing process inside the same glovebox; the other is a hot-pressing process using a system remote from this glovebox. The cold-pressing operation uses uncoated metal (steel) dies and plugs with a working chamber diameter of 1.0 to 1.5 inches. The seal is reasonably good between the plugs and die bodies so that a minimal amount of powder will bypass the seal, although leakage of small amounts is possible and that material will not be consolidated. With a plug in the bottom, a charge of powder will be loaded and a plug inserted in the top. The assembly with die, bottom plug, charge, and top plug will be placed into the manually-operated hydraulic press and up to 12 tons of force applied. For a 1-in ID die, this will yield 30.6 Ksi pressure; for a 1.5-in ID die, 13.6 Ksi. Following release of pressure, the configuration will be changed to permit the ram to press out the compacted material. This compacted object will then be loaded into a sealed container for transfer out of the glovebox to the customer.
The dies, plugs and internal shims for the hot-pressing operation are fabricated from Poco graphite and coated with yttria paint. The dies are right cylinders approximately 18 inches long and 14 inches OD. There is a concentric hole along the cylindrical axis of diameter 3 to 4 inches. Prior to loading the powders, a coated plug of length on the order of its diameter is inserted into the bottom opening of the die, and a bead of colloidal graphite suspension is applied to the outside of the assembly in order to seal the seam between the plug and the ID of the die. The die is righted and filling of the charge can commence. Large charges can be broken up using coated shim disks inserted between segments of the charge. When the final charge increment is added, a coated top plug is inserted and the seam between it and the ID of the coated die also sealed with a bead of colloidal graphite suspension. At this point the die can be transferred out of the glovebox to the hot press and positioned with respect to the ram. The press enclosure is closed and evacuated in preparation for either vacuum or argon operation. The graphite die is heated by an induction coil to a maximum of 1200C. The total ram force applied is a maximum of 20 tons. For a 3-inch ID die, this will yield 5.66 Ksi; for a 4-inch die, 3.18 Ksi. In operation, as the hot-press die temperature rises to several hundred degrees C, the colloidal graphite seal loses integrity and the die chamber becomes an open system. This is important in the case of processing hydride powders. Uranium hydride decomposes to uranium metal and hydrogen gas as the temperature rises, reaching one atmosphere at 435C. At 1200C an overpressure of 9.8 Ksi hydrogen 1 could be created over a mass of uranium hydride. Thus, it is important that the temperature of the die rise slowly enough, especially above 435C, to allow the decomposition with release of hydrogen gas to proceed with leakage of gas around the die-plug seals as a pressure-relief mechanism. This operation will be done under continuous pumping. I am informed that this same operation has been done many times before, and as recently as 1998, with success.
On completion of hot-pressing, the die will be transferred from the hot press to an open but vented enclosure, where the consolidated material will be pressed out of the die with a hydraulic press. DISCUSSION I will assume that standard industrial safety hazards such as hoisting & lifting are separately covered.
The primary material hazard associated with this operation seems to be potential pyrophoricity. It is known that finely divided U and UH 3 will react vigorously with air when a stimulus such as friction and/or sparking is present. It is instructive to look at the enthalpies released by these reactions. To stay with a common stoichiometry for most of the calculations, consider that for finely divided UH 3 exposed to O 2 , H 2 gas is liberated and the uranium oxide formed is UO x , where x = 2.15 ∀ 0.05. For our purposes we will use the value x = 2.1667, which permits balancing equations with smaller integral numbers and is within the error band. It should be noted that UH 3 powder does not appear to effectively passivate when exposed to oxygen 2 , although U powder does to some extent. Further increases in temperature make it more likely that the higher oxide U 3 O 8 will form, with somewhat higher enthalpy releases.
As will be seen in the Tables to follow, the specific enthalpy releases per unit reactant are very high, and combined with the specific heat (C p ) values predict extremely high temperature excursions for these materials once they ignite. Enthalpy of formation values except where noted were taken from a standard reference 3 . This includes data for ♠H f of water which is not listed but was used in reaction enthalpy calculations. The ♠H f for UH 3 (-30.35 Kcal/mole) was taken from a separate reference 4 . All enthalpy and free energy values in this document are for 298K. The values for all but the UO 2.1667 were taken from the CRC handbook. The exception was estimated by curve-fit of the CRC data 5 and evaluation at that stoichiometry.
The effect of a given enthalpy release depends on the specific heat of the materials. For the present let us just consider the reactant specific heats to get a feel for the relative acceleration of the oxidation reactions. These are shown in Table 2 for both 300K and as an estimated average value from 300K to 858K, which is the autoignition temperature 6 for hydrogen. Thus, the lower C p of metallic U causes this measure of heating effect to be more extreme than for the hydride. However, it is quite likely that the hydride has faster kinetics of oxidation than the metal (probably connected with its inability to passivate), which would boost the temperature increase rate to values possibly higher than those for metal oxidation. In addition, the gas production in the hydride powder oxidations may cause significant movements of particulate material, whereas with a metal powder this is much less significant and by and large it should just sit and smoulder, partially sintering as it goes which will tend to reduce the oxidation rate.
In contrast, the experience of spark-or friction-initiated hydride fires is that they can be quite impressive. The INEEL personnel that are funding the local UH 3 Pyrophoricity Project 8 have seen quite a bit of sensitivity to friction and sparking for hydride powder exposed to air. Friction in this case can result from as simple a cause as pouring from one container to another.
NITROGEN EXPOSURE
Although not specifically considered in the subject JHA, it seemed prudent to discuss briefly the possibility of exposure of such powders to nitrogen gas, as the possibility of using N 2 as a cover gas for reactive materials periodically comes up. I have previously examined the literature on the relative gas consumption rates, between the temperatures of 550C and 1000C, of uranium exposed to dry air 9 and to pure nitrogen 10 . The ratio of the two rates is about 32.6 ∀ 10% with nitrogen being the slower. Thus, while uranium metal powder may actually have the potential for pyrophoricity in N 2 , it would probably require a surface-tovolume ratio greater than that for pyrophoricity in O 2 by a large factor, perhaps 33X.
For UH 3 powder, there are 3 factors that argue for the plausibility of pyrophoricity in N 2 : (1) hydride powders typically have higher surface-to-volume ratios than metal powders; (2) the specific reaction rate of the hydride may be higher than the metal; and (3) pyrophoricity has, in fact, been observed 11 . Two possible reactions for UH 3 in N 2 gas are as follows:
Rx 2:
Some pertinent thermodynamic information is given in Tables 4 & 5 . The use of these values yields free energy changes and enthalpy releases per mole of UH 3 which are somewhat larger for Rx 2 than for Rx 1, as is shown in Table 5 . Thus, the second reaction leading in part to NH 3 formation is slightly more favorable from a free energy standpoint, but has a significantly higher enthalpy release and so may cause greater auto-acceleration of the reaction. To fully evaluate this would require incorporation of C p factors for all the reactants and products, which I will not do in this document.
However, the fact remains that pyrophoricity of UH 3 powder in N 2 gas has been observed. Thus, under no circumstances should UH 3 powder be exposed to either N 2 or any of its mixtures with oxygen, including air.
CONCLUSIONS
No significant quantities of either uranium or uranium hydride powder should be allowed significant access to air. The integrity of transfer containers should be absolute and they should be unbreakable.
Operations inside the glovebox should be no problem as long as the integrity of the inert atmosphere is maintained. Should the box be breached, all containers should be closed. Should atmosphere integrity be lost during the blending cycle, the blender should be stopped and no attempt to move or transfer the powder should be made until atmospheric integrity is restored and the blender has time to reequilibrate with the inert gas.
The cold-pressing operation will lead to a somewhat porous compacted body which nevertheless has some strength. This may be the most sensitive form of the material, since friction against certain materials (or fracture of the compacted body) can cause generation of heat and sparks at the surface. This material would still have a small particle size for a large surface-to-volume ratio, some porosity to allow air access into the surface, and probably a lower heat conductivity due to lessened interconnectivity between particles compared to fully consolidated material. Thus, any heat generated in a local reaction may not be drained off into the matrix fast enough and a self-propagating reaction may occur. There may be a good chance that the cold-pressed compact exposed to air would ignite if struck by a metal object. For the metal powder, only smoldering may occur; for the hydride, consequences could be more severe and significant dispersal of particulates may occur. Debris resulting from the pressing operation, such as powder that may bypass the press ram or that may be spilled during loading, will not be consolidated but will still be sensitive to friction.
For hot-pressed material, consolidation should be adequate to reduce porosity to near zero and raise heat conductivity near theoretical. Thus, the subsurface region will have no access to air and the heat from any surface reaction should be quenched into the matrix. While this material may spark when struck by metal, there would be no further reaction. Small particulate debris not consolidated into the body of the material, but that has been through the temperature cycle, would probably have reduced reactivity but may still ignite when sparked. Even fully consolidated U material oxidizes freely at several hundred degrees C; above 300C the rate accelerates with time 12 . Thus, the temperature of the die should be allowed to cool comfortably below 300C before removal from the press, and before the press-removal from the die in open air the temperature should probably be allowed to drop below 100C. Limited ignitions of debris that do not lead to particulate dispersal should not be a problem. There should be some means of verifying that dispersal did not occur.
It is advisable there should also be some means of positively verifying the free outgassing of hydrogen gas during the hot-pressing of hydride powder for making solid metal compacts..
